One of the most important and effective hardware elements for improvement of efficiency and power density of proton exchange membrane fuel cells is the flow field plate. The design and the pattern of the flow field plate have a considerable effect on the effectiveness of mass transport as well as on the electrochemical reactions inside the cell. The configuration of the flow field plate aims at ensuring a low pressure-drop over all channels in the stack. In this work, a FPFFP (fractal parallel flow field plate), with bio-inspired configuration by insertion of fractals in a classic PFFP (parallel flow field plate), is proposed, increasing the flow area of the hydrogen at anode side without increasing the section's area of the flow field plate. By simulating was observed that, the use of channels in fractal shape can increase the hydrogen flow area without occuring pressure loss in the cell. The fluid dynamic behavior in the FPFFP at smaller scales was replicated in the same plate, with better advantage of the active area of the electrode. Increasing the hydrogen flow area without causing pressure loss could be a good tactic to increase the power density of fuel cells, and consequently improving the cell performance.
Introduction


The main driving force for the fuel cell research, development and commercialization is due the global concern with the pollutant emissions, especially from the transport and industries sectors [1, 2] . Fuel cells, in particular the PEMFC (proton exchange membrane fuel cell) are lately extensively being studied due to its potential as alternate source for energy generation for mobile applications, mainly in the transport sector [3] [4] [5] . Fuel cells have technological unique attributes such as high-energy efficiency, low or no emissions of pollutants and absence of moving parts [3] .
A hydrogen fuel cell is an electrochemical device that converts chemical energy stored by hydrogen fuel into electricity. The heart of a PEM (proton exchange membrane) fuel cell is the MEA (membrane electrode assembly), which includes the membrane, the catalyst layers and GDLs (gas diffusion layers). The catalytic reaction of hydrogen with oxygen from air, used as oxidant, produces more electricity per fuel mass than any other non-nuclear method of power production [4] . The most important hardware components and effective for improvement of efficiency and power density in a PEMFC are the bipolar plates. The surfaces of the plates contain a flow field, which is a set of channels to direct the hydrogen to the anode, and the oxygen to the cathode on the MEA. The bipolar plates are used to assemble individual PEM fuel cells into a fuel cell stack, collect the electronic current and remove generated water [5] . The design of the flow field plate and its pattern have great effect on the effectiveness of D DAVID PUBLISHING Use of Fractals Channels to Improve a Proton Exchange Membrane Fuel Cell Performance 728 mass transport as well as electrochemical reactions inside the cell. The channels' design (dimension, shape, pattern and configuration) is very important for better bipolar plate. One of the goals of the flow field plate configuration is to ensure a low pressure drop over all the channels in all the stack cells [6] .
Types of channel configurations with fractal branching patterns occurs in nature, found in crystals formation, landscapes shaped by water drainage, lightning bolts, in certain plants and in the human body. Fig. 1 [7] shows some examples of fractal anatomical systems. Fractals are not just stunning visual effects, but inspiration source to model more complex patterns [8] . More generally, building something is typically flat, round or follows other shapes of very simple geometry. By contrast, shapes found in nature as ones in the mountains, clouds, broken stones and trees are highly complex [9] .
In this work, a FPFFP (fractal parallel flow field plate), with bio-inspired configuration in fractals, and a classical PFFP (parallel flow field plate), the most popular plate, were comparatively modeled and evaluated by computer simulation.
Objectives
The aim of this work is to propose a plate with a bio-inspired flow field configuration to improve the flow area of the hydrogen at anode side of the MEA, with no pressure loss in the channels of the plate.
Methodology
Designing the FPFFP
An exploded view of a fuel cell stack in Fig. 2 shows one side bipolar plate with flow field used as pattern, facing the gas diffusion layer, used in both side of MEA. The classic and fractal parallel flow field were designed using SolidWorks software. Fig. 3 shows SolidWorks images of the modeled structures, the new FPFFP and classic PFFP, for using CFD (computational fluid dynamics) to study the dynamic behavior of continuous fluid. The structures (a) (b) (c) Fig. 1 Examples of "tree-like" fractal anatomic systems (from left to right: (a) bronchial tree; (b) renal vascular and urinary systems; (c) heart coronary system).
Fig. 2 Exploded view of a PEMFC stack.
of the channels were characterized by repeating a self-similarity at different size scales inspired in a biological branching pattern [10] . To insert various fractals channels in the classic PFFP was created connections between every channels of the flow field.
Each new channel attached successively of smaller size maintaining the same similarity increases considerably the active surface area of the flow field.
Simulation Tests Using CFD
The tests were performed using SolidWorks software 2013 with flow simulation tool, and a computer Alienware Aurora Desktop BRH3171 equipped with Intel® Core™ i7-960 (3.2 GHz, 8 MB L3 cache; 24 GB DDR3 1,333 MHz memory/6 × 4 GB) and an liquid cooler high-performance (Alienware®). The tests performed for each CFD using the plates classical PFFP and the fractals have ranged from a few minutes to over 3 h, respectively.
In the simulation tests, the temperature of both flow field plates was controlled at 100 °C. At the cell anode side, in channel inlet, the hydrogen flow at 25 °C was of 1 L/min, and in the channel outlet, the hydrogen pressure was equal environmental-pressure.
Results and Discussion
Figured images of the CFD simulation using FPFFP and the PFFP are shown in Fig. 4 . The fluid dynamic test results had shown pressure variation in the hydrogen flow similar for both FPFFP and PFFP. The hydrogen pressure decreased as the reagent approaches the flow field outlet. In the fractals channels of the FPFFP, the fluid dynamic behavior of the hydrogen has been repeated at smaller scales in the same plate. In both flow field plates, the minimum pressure was of 101,324.93 Pa, and the maximum pressure of 101,347.59 Pa, occurring pressure-loss of 22.66 Pa. Although the pressure loss has been equal in both kind of flow field channel, the hydrogen flow occurred in a larger volume in the channels with fractals. Tables 1 and 2 show the parameters minimum and maximum values, respectively, for the FPFFP and PFFP flow field channels. 
Conclusions
The results showed that, in the anode of a PEMFC equipped with PFFP, fractals could increase the anode hydrogen flow area without increase the pressure loss and repeat the PFFP fluid dynamic behavior at smaller scales in the same plate. As a result, the MEA active area was bigger, improving the current density and consequently the fuel cell power density.
